A new control technique for voltage-fed and current-fed PWM three-phase converters (inverters and rectifiers) is presented. Approach is based on the application of the sliding mode design methods. A general mathematical description of the three-phase converters (buck and boost inverters and rectifiers) is developed. On the basis of this description the sliding mode controller is designed to obtain optimal PWM and desired closed-loop dynamics. Both, the PWM switching pattern and the closed-loop dynamics are addressed as a single control problem and the output of the controller provides direct commands for the converter's switches. It is shown that the same controller can be applied for all analyzed converters. The controller has a simple structure and is suitable for digital implementation. Simulation results are provided to confirm theoretical predictions.
Introduction
Current controlled PWM converters are widely used in high performance motion control systems and electrical energy conditioning systems (power supplies, active filters, etc.) Equations of motion of such systems are highly nonlinear due to the complexity of the system's dynamics and the presence of the switching elements.
Various techniques have been suggested for the design of controller, some of them giving very complex solutions(1) (5).
The aim of this paper is to show the possibility for VSS theory"' application in the design of the power converters control system. We will show that the application of the sliding mode control can solve the problem of the PWM switching pattern selection while assuring the desired dynamics of the closed loop system. First, we will present the mathematical description of the three phase converters (inverters and rectifiers) in the (d, q) orthogonal frame of reference. This description shows that the motion of the converter can be divide in two parts: fast motion (change of the inductor current) and slow motion (change of the output voltage). The controller's design will reflect that structure. The inner loop will be designed to achieve sliding mode control of the current and the outer loop will be formed to perform the current reference calculation.
The selection of the current reference will be performed to provide the prescribed behavior of the slow motion of the system.
The characteristic results of the modeling for buck inverter, buck rectifier and boost rectifier will be presented.
The mathematical models for all converters will be written in the orthogonal (d, q) frame of references. The selection of the d-axis orientation will be related to the selected input (for rectifiers) or output (for inverters) vector.
In a switching converter two main substructures can be recognized. The part that consists of the switches whose role is to connect or disconnect the electric loops, and the energy storing elements (L, C). The switches with their connections will be referred to as switching matrix (6) . Energy storing elements, along with the load, determine dynamics of the converter. The switching matrix controls the energy flow between the input and the output side of the converter.
The control goal can be interpreted as a task to select the switching sequence i.e. modulation function for every switch (the duration of the ON and OFF state of the switch), so that the motion of the controlled system satisfies the prescribed requirements.
2.
Buck type converters
Buck rectifier
The description of a buck rectifier ( Fig. 1 ) is as Components of vector us=[u, U2 u3]T are the modulation functions of the corresponding switches. The components of vector us take values from the set r 3={-l, 0, 1} depending on the corresponding switch position Control vector u=(ud uq)T is related to vector us by following relation (8) Note that the rank of F(8,) is equal 2, so inverse transformation is not unique. 
Buck inverter
The description of the buck inverter will be presented in the orthogonal frame of references d, q) which is synchronous with the output voltage vector vo. In such a frame of references the mathematical model of a three phase buck inverter (Fig .  2) The relation between control vector u and modulation vector u5 is given by Eq. (8) and its components can take the values from the set [z(-1, 1), depending on the connection of the related switches (13) For particular value of the 0, transformation Eq. The description of converters Eqs (20) and (21) gives a possibility to design the control system in two steps. The first, control u should be selected so that vector i tracks its reference lref (inner loop). Control u is discontinuous and this task can be solved by performing a design of the control so that the sliding mode motion exists on the surface a(v, i) =_??_(iret-i)=0 , _??_ is constant positive definite matrix. The function ire( should be selected in the second step of the design procedure (outer loop design). 
From Eqs (27), (28) it follows that in the sliding mode the order of the controlled system is reduced to the dimension of vector v.
To complete the design iref should be selected on the basis of the desired motion of the system (Eqs (27), (28)). 
These equations describe two interconnected first order systems with id,ef(Ed) and Zgref(Eq) as the inputs and vod and voq as the outputs. The reference currents should be determined in order to satisfy the design specification.
Boost rectifier control
Suppose the input power factor is defined as O= arctg(iLq/iI ), with reference ¢reP By selecting the switching functions as 
The sliding mode existence conditions will be satisfied if the following holds (41)
By selecting ud, the inductor current will track reference value idre`(Eo), while component ug is used for power factor control. In this section the mapping of the selected control vector u=(ud uq)T, defined in a (d, q) frame of references, to the vector us=(ut U2 u3)T, defined in a three-phase frame of references, will be presented. The solution for the mapping _??_: u-us will use the equivalent control vector along with the signs of the switching functions and the position 0, of the frame of references (d, q) . First we will analyze the selection of the control in the (d, q) frame of references and then we will show the final mapping table.
From Eq. (25) it can be seen that the signs of the control vector components ud and uq are determined by the signs of the switching functions. The time derivative of the switching functions can be expressed as dad/dt=/3d(udeq-Ud), daq/dt=$q(Ugeq -u q), 8d > 0 and / q > 0. Using these facts the sliding mode existence conditions, on the surfaces ad and ag, can be rewritten as (46) (47) Any value of ud and ug that satisfies conditions Eqs (46) and (47) will provide the existence of the sliding mode on the surfaces ad=0 and a,=0. In For the other combinations of the signs of the switching functions ad and 6g the control vector can be selected accordingly. The given results are valid for any three-phase converters (rectifiers and inverters) regardless of the load connected to the output of the converter matrix(')''). The inner control loop for all three-phase converters is the same and can be designed with information on the control errors and the selected frame of references. This solution provides direct calculations of modulation functions u1, u2 and u3 for the switches, without using any PWM or other modulation techniques.
Control system requirements
The basic requirement is to track the reference value and to assure disturbance rejection. The requirements on the switching converter's control systems are, usually, selected as follows:
(i) the rectifier control system transient should be of a first order system;
(ii) the inverter control system transient should be of a second order system; (iii) the rectifier must be controlled in such a way that the average power from the source should be drawn at a certain power factor; (iv) the converter's currents should be limited.
Selection of the outer loop controller
As examples the buck inverter and boost rectifiers will be analyzed. First, the selection of the desired motion is determined and the switching functions are written out. After selecting the switching functions we will rewrite it as an explicit function of the current.
In the final stage the switching function will be expressed in the form Eq. (22).
Buck inverter
The dynamics of the buck three-phase inverter with an inner sliding mode controller can be interpreted as two first order interconnected systems. Assume that the inverter output voltage vo should track its reference Voref=(vodref vogref)T Model Eqs (9) to (12) shows two interconnected second order systems with Ud and uq as controls and ved and veq as outputs. Further we will treat interconnected terms as the external disturbance and will design the outer loop controller in such a way that the motion of the system satisfies the following differential equations 
10.
Conclusions
